Each point on the retina is sampled by about 15 types of ganglion cell, each of which is an element in a circuit also containing specific types of bipolar cell and amacrine cell. Only a few of these circuits are well characterized. We found that intracellular injection of Neurobiotin into a specific ganglion cell type targeted by fluorescent markers also stained an asymmetrically branching ganglion cell. It was also tracer-coupled to an unusual type of amacrine cell whose dendrites were strongly asymmetric, coursing in a narrow bundle from the soma in the dorsal direction only. The dendritic field of the ganglion cell stratifies initially in sublamina b (the ON layers), but with few specializations and branches, and then more extensively in sublamina a (the OFF layers) at the level of the processes of the coupled amacrine cell. 
Intracellular injection of Neurobiotin
After labeling the ganglion cells with acridine orange or PP1, individual ganglion cells were targeted through the epifluorescent microscope with the 40؋ water objective and the blueviolet excitation filter (400 -440 nm), using the criteria previously specified. Thinwall glass microelectrodes pulled with a Brown-Flaming horizontal micropipette puller (Sutter Instruments, Novato, CA; P-97) were tip-filled with 1% Lucifer Yellow-CH (L-453, Invitrogen) and 3.5% Neurobiotin in 50 mM phosphate buffer (PB) and backfilled with 3 M LiCl into the microelectrodes. Lucifer Yellow was iontophoresed with 1 nA negative current for a few seconds to verify cell penetration and obtain a preliminary identification of the cell type, then each ganglion cell was filled with Neurobiotin (؉1 nA, 3 Hz, 10 min). After the last cell was injected, the tissue was superfused for at least an additional 30 minutes, then fixed in 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS), pH 7.4, for 1 hour at room temperature. Cells were visualized by overnight incubation in 1:1,000 streptavidin-Cy3 (Jackson ImmunoResearch, West Grove, PA). Tissue was mounted in 50% 0.2 M PBS ؉ 50% glycerol ؉0.1% para-phenylenediamine (Sigma) to retard fading by fluorescent illumination. All fluorescent images of stained material were acquired using a Zeiss LSM 510 confocal microscope, except for Figure 1 , which was taken with a Leica DFC 350FX camera (Allendale, NJ) mounted on the Olympus microscope. Measurements of dendritic area were calculated from these images by tracing around the perimeter of the cells using SigmaScan Pro (Systat Software, Point Richmond, CA), drawing lines between the adjacent distal dendrites to make a polygon (the convex hull procedure). The software automatically calculated the area of this polygon following proper calibration of distances.
Micrographs were constructed from TIF files exported from the Zeiss LSM 510 software into Adobe Photoshop (Adobe Systems, San Jose, CA). Adjustments were made to stretch the histogram of pixel intensities to fill the entire 8-bit range.
Immunohistochemistry
Some retinas were blocked with 3% donkey serum (Jackson ImmunoResearch)/0.1% sodium azide/0.1 M PBS for 90 minutes at room temperature and incubated in primary antibodies with 0.1 M PBS/0.1% sodium azide/0.3% TritonX-100 for 7 days at 4°C. Then tissues were rinsed several times in 0.1 M PBS and reincubated in the secondary antibody overnight at 4°C. Donkey antimouse Cy5 and donkey antigoat Cy5 (Jackson ImmunoResearch, 1:200) and donkey antirabbit Alexa488 (Invitrogen, 1:200) were used as secondary antibodies. The antibodies, suppliers, epitopes, and dilutions are given in Table 1 .
The specificity of the ChAT antibody was tested previously by Western blot analysis of brain protein extracts from rat and a variety of fish (Anadó n et al., 2000) and showed bands of 68 -72 kDa. All bands disappeared when the primary antibody was preincubated with human placental ChAT. The dopamine D 1 receptor (1:100) stained appropriate 50-and 75-kDa bands in Western blots of solubilized membranes from rat hippocampus and striatum (Huang et al., 1992) . The monoclonal anti-Cx35 antibody was raised against a maltose binding protein ( . Western blots using protein lysates from wildtype embryonic day (E)10.5 mouse embryos showed staining of the appropriate 48-kDa band. There was no staining in similar blots using tissue from mice with mutations that eliminate expression of CtBP2 (Hildebrand and Soriano, 2002) . Calbindin-28 kDa was reported by the manufacturer to stain the appropriate 27-28-kDa band in immunoblots from brain tissue of rat, chicken, monkey, and mouse, and was demonstrated by Massey and Mills (1996) to label the specific type of bipolar cell in rabbit retina. The specificity of the PSD-95 clone K28/43 was demonstrated by Rasband et al. (2002) , who showed bands appropriate to PSD-95 in immunoblots of mouse brain homogenates in wildtype, but not PSD-95-deficient mutant mice. Additionally, these authors showed that digestion of the affinity-purified antibody followed by mass spectrometry produced high probability matches to PSD-95. The tyrosine hydroxylase (TOH) antibody was demonstrated to show selective immunoblotting by the manufacturer using an extract of cultured rat adrenal pheochromocytoma (PC12) cells. Also, aliquots of solubilized human adrenal medullas and solubilized 3T3 cells expressing human TOH, but not noncognate forms of recombinant human TOH, stained appropriate 60 -66-kDa bands in Western blots (Lewis et al., 1993) . The GABA antibody was prepared by formaldehyde-conjugation of GABA to the carrier protein porcine thyroglobulin. The antibody was reported by the manufacturer to recognize GABA, but not formaldehyde conjugates of other amino acids transmitters in dot blots, nor glutaraldehyde conjugates of GABA (Pow et al., 1995) . It also recognized previously established GABA-containing, but not glycinecontaining, neurons in a variety of tissues. As a final control, vibratome sections of rabbit retina were cut at 50 m thickness on a Leica VT1000S vibratome (Leica Microsystems, Bannockburn, IL). We then preadsorbed porcine thyroglobulin (Sigma-Aldrich) for 1 hour in 10؋ or 1,000؋ molar excess over the antibody concentration (1:1,000). The sections were incubated in antibody overnight, then rinsed and visualized with a Cy3-conjugated secondary. The pattern and intensity of anti-GABA immunostaining in sections preadsorbed with thyroglobulin was indistinguishable from untreated sections, indicating that possible clones recognizing the carrier protein did not contribute false-positives to the analysis.
Analysis of colocalization
Custom software was written in MatLab (MathWorks, Natick, MA) that imported images (optical sections ‫؍‬ 3 m thickness) of Neurobiotin-stained G3 ganglion cells and the resultant tracer-coupled amacrine cells (magenta channel) and immunolabeled Cx36 puncta (green channel). The number of magenta and green pixels above background was counted and the probability that the Cx36 pixels were colocalized with the magenta Neurobiotin-labeled pixels was calculated. The global probability of colocalization was calculated as probability (colocalization) ‫؍‬ probability (magenta pixel) ؋ probability (green pixel). The ratio of colocalized pixels to background colocalization was calculated and used to estimate the degree to which colocalization exceeded chance levels. The level of chance colocalization was also determined by stepping the green channel 0 -2,000 pixels to the left or right of the original registration and observing the amount of colocalization at each increment. Pixels that left the image at one side were "wrapped around" to the other side. At about 10 pixels from the original orientation, levels of colocalization fell to 20 -50% of the cross-product of magenta and green pixel probabilities described above. The ratio of colocalized pixels at 0 displacement to the background level was used to test whether Cx36 puncta occurred on Neurobiotin-stained dendrites at rates above chance as determined by the incremental displacement method.
We also tested whether Cx36 puncta occurred not only on Neurobiotin-stained dendrites, as just described, but more important, at the intersections of the Neurobiotin-stained processes. This was done by clipping the intersections of ganglion cell and amacrine cell dendrites from the images. Areas where single processes were visible were removed. The percentage of apparent intersections with Cx36-positive puncta was calculated. Additionally, the same method of determining levels of colocalization by incremental displacement just described was repeated for an image containing only intersecting dendrites and the same statistical measures derived.
RESULTS

Identification of a recurring ganglion cell type
We were able to identify a single type of ganglion cell with a hit rate of better than 66% with acridine orange staining and greater than 80% with retrograde PP1. While PP1-staining is bright and much more resistant to fading than acridine orange, its major advantage is in supplying more detailed cues than acridine orange. This includes a greater range of intensities and more subtle differences in textural cues across the ganglion cell populations. We can identify the ganglion cells 
Morphology of the G3 ganglion cell
Injection of Neurobiotin into acridine orange-or PP1-stained ganglion cells targeted as described reveals a consistent morphology for this ganglion cell and also that a single population of amacrine cells is coupled to it (Fig. 2A) . The morphology of both the ganglion and amacrine cells is fairly constrained near the visual streak and is more variable with increasing eccentricity, particularly in the superior retina.
The ganglion cell is distinguished by the following features: 1) Dendrites emanate from the ventral aspect of the soma and branch sparsely in sublamina b at about 75% depth, where 0% refers to the boundary of the inner plexiform layer (IPL) with the inner nuclear layer (INL). Dendrites at this level have few specializations or further branch points, similar to the G3 ganglion cell of Rockhill et al. (2002) . This type of asymmetric representation in the two sublaminae has been called "partly bistratified" (Rodieck and Watanabe, 1993; Famiglietti, 2005) .
2) The dendrites in sublamina b ascend to sublamina a where branching is more profuse and numerous varicosities are found. This primary stratification depth occurs at about 7-15% depth of the IPL, distal to the band of cholinergic processes in sublamina a.
3) The dendritic field of the G3 ganglion cell most often branches entirely or predominantly ventral to the soma. This tendency is most pronounced near the visual streak. 4) Over most of the retina, this asymmetrically distributed dendritic field is palmate in appearance (Fig.  2B ). Near the visual streak, the spatial spread of the dendrites is narrower than elsewhere. If the soma were considered as centered on the dial of a clock, then in the ventral retina the majority of the dendrites would lie in the lower half-field between 3 and 9 o'clock. In the visual streak, however, the dendrites would be contained in a smaller region only slightly larger than that between 5 and 7 o'clock ( Fig. 2A) .
The depth of stratification is the major factor determining which bipolar cells and amacrine cells synapse onto a ganglion cell. Double labeling with an antibody to choline acetyltransferase (ChAT) illustrates with greater resolution the bistratification pattern of the G3 dendrites, in that they initially ramify at about 80% depth in sublamina b, and that the distal portions of these dendrites then ascend to sublamina a (Fig.  2C ). This finding suggests that the dominant excitatory input should come from OFF cone bipolar cells, with a possibility of some ON cone bipolar cell input occurring in sublamina b. The sparseness, lack of branching, and specialization of the branches in sublamina b as well as dendritic field size and soma size distinguish the G3 cells from that of the ON-OFF ganglion cells that have an otherwise similar bistratified morphology in the rabbit retina. The depth of stratification is also slightly different between these two cell types, again suggesting a difference in cell type.
Neurobiotin staining often revealed an additional 2-5 coupled G3 ganglion cells (Fig. 3A, arrows) as well as about 20 amacrine cells. We verified the identity of the coupled ganglion cell in some cases by injecting the original G3 ganglion cell with PP1 rather than Neurobiotin. This produced visible PP1 staining in the coupled ganglion cells, which were then injected with Neurobiotin to confirm their identity as G3 ganglion cells.
Morphology of the dorsally directed amacrine cells
G3 ganglion cells are tracer-coupled to a unique and dramatically asymmetric type of amacrine cell. Virtually all of the processes of the amacrine cells emanate from the dorsal side of the soma and course dorsally with little branching for 1-2 mm ( Fig. 3A-E) . Often, a dendrite may begin in the ventral direction, but will make a U-turn and join the bundle of dorsally directed processes (Fig. 3B, arrows) . More rarely, a few processes are found leaving at other angles and do not join the dorsally directed bundle (Fig. 3C ). The majority of the dorsally directed amacrine cell somas were located in the INL. About 5% could be found with their somas placed interstitially in the IPL, with less than 1% found displaced to the GCL. Both the interstitial and displaced dorsally directed amacrine cells ramify at the same level of the IPL as conventionally placed dorsally directed amacrine cells (Fig. 2C ) and as the distal tree of the G3 ganglion cell (Fig. 2D ). This ramification is at Ϸ7-13% depth in the IPL.
The morphology of individual dorsally directed amacrine cells was examined by injecting PP1 into G3 ganglion cells, then injecting the resultant PP1-fluorescent somas with Neurobiotin. Figure 3D ,E shows examples of two such cells, where a few dendrites emerge and course dorsally about 1 mm.
Some variation was found in the directionality of the dorsally directed amacrine cells coupled to injected G3 ganglion cells. While the majority of injections led to staining of dorsally directed amacrine cells oriented orthogonally to the visual streak, a few examples were found where the orientation was at an angle offset from this line and which was the same for all dorsally directed amacrine cells coupled to the injected ganglion cell (Fig. 2B) . The amacrine cells labeled by injection of a single G3 ganglion cell all had the same orientation. There was no tendency for these "angled" patches to be directed at any particular locus, e.g., the optic nerve head, and examples were found angled either toward or away from the midline. The relative sizes of G3 ganglion cell and dorsally directed amacrine cells differed across the retina. We found that the length of coupled dorsally directed amacrine cells near the visual streak was only about 3.3؋ of the diameter of the dendritic field of the stained G3 ganglion cell to which they were coupled. Since the amacrine cells had very little lateral spread, most of these amacrine cells therefore had 30% of their area contained within the dendritic field of the injected ganglion cell. In the peripheral areas, the length of the dorsally directed amacrine cell processes relative to the G3 ganglion cell dendritic field increased such that their percentage of overlap with the G3 declined to about 10%. Since their lateral spread increased dramatically in the periphery and the dendritic fields of the amacrine cells concomitantly increased their degree of overlap with one another, it was not possible to accurately determine the relative areas of overlap with the dendritic field of the G3 ganglion cells.
Are the dorsally directed amacrine cells coupled to one another?
Most of the somas of tracer-coupled dorsally directed amacrine cells were located ventrally to the furthest extent of the G3 ganglion cell dendritic field (Fig. 3A-C) . These cells were clearly stained via their long processes that ran through the dendritic field of the G3 ganglion cell. Infrequently, a few of these amacrine cell somas lay dorsal to the furthest extent of the G3 ganglion cell dendritic field. These were typically very poorly stained, with no processes visible. This suggests that, despite the apparently extensive opportunity for overlap and contact among the numerous amacrine cell dendrites, very little tracer passed from amacrine cell to amacrine cell. Support for this assertion came from direct injections of Neurobiotin into dorsally directed amacrine cells (Fig. 3D,E ). These were targeted by first filling a G3 ganglion cell with PP1. After 15-20 minutes, enough PP1 had diffused into dorsally directed amacrine cells to visualize them. Neurobiotin injection into the amacrine cell stained the entire cell, but few coupled amacrine cell somas were found, again suggesting coupling between the amacrine cells was present, but of small magnitude compared both to coupling to the G3 ganglion cell and between many other types of amacrine cell. Fluorescence in G3 ganglion cells coupled to PP1-injected dorsally directed amacrine cells was not seen.
Coupled ganglion cells were always stained more poorly than the brightest coupled amacrine cells and dye injections, which resulted in weak amacrine cell coupling stained no coupled ganglion cells. This suggests that any direct ganglion cell-ganglion cell coupling was weak and that the primary avenue of tracer movement to coupled G3 ganglion cells may be indirect via the amacrine cell population.
Differences based on retinal eccentricity
The morphology of both G3 ganglion cells and dorsally directed amacrine cells was most constrained near the visual streak. G3 ganglion cells in this region had the following attributes: 1) the majority of the processes lay ventral to the soma, 2) the range of these processes tended to be in the central 100°of the ventrally oriented semicircle formed at the soma. Dorsally directed amacrine cells in this region were also very narrow in their lateral distribution, with their processes uniformly oriented dorsally.
The dendritic morphology of dorsally directed amacrine cells was more variable in the periphery. Figure 4A shows the amacrine cells associated with a ganglion cell whose soma was located 10 mm inferior to the visual streak. The lateral spread of the amacrine cell dendrites is much greater than that of these amacrine cells closer to the visual streak. Figure  4B shows a ganglion cell located 6 mm superior to the visual Figures 2A (near visual streak) , 1B (about 5 mm inferior), 4A (about 10 mm inferior), and 4B (superior retina). Figure 5A shows the relative distribution of G3 ganglion cell processes above and below the soma as a function of retinal eccentricity. There is a greater tendency for the dendritic field of the G3 ganglion cells to ramify dorsally to the soma in the peripheral retina, especially in the dorsal portion. The bias in favor of greater ventral branching is retained at even these locations, although exceptions are found at all locations. The asymmetry between processes lying dorsal and ventral to the soma was reflected in both sublaminae a and b. This is because the terminal processes in b emerged from the partial arbors in a, so that the dendritic orientations originated by the sublamina a dendrites were continued in b. This was true regardless of the proportion of dendrites that lay dorsally to the soma, which varied from about 5% to 50%. 
Distribution, density, and coverage of G3 ganglion cells
The area of the dendritic field of G3 ganglion cells increases with retinal eccentricity (Fig. 5B) . We measured areas directly by outlining the dendritic field with SigmaScan Pro, then calculated diameters from these measurements. Near the visual streak the area of G3 ganglion cells was small (20,000 m 2 ), while far from the visual streak it increased to about 160,000 m 2 . These areas would correspond to dendritic diameters of 160 and 450 m, respectively, but would not be centered on the soma due to the asymmetry of the dendritic field.
The dendritic processes of G3 ganglion cells were always more extensive in sublamina a than in sublamina b, but this trend was most pronounced in the periphery. Figure 5C shows that cells only occasionally had an area in sublamina b greater than 40% of the total and typically only about 5% of the total in the periphery.
Densities were calculated by measuring intracellular distances of neighboring Neurobiotin-coupled G3 ganglion cells. The distances were converted to densities and are plotted in Figure 5D . Figure 5D also shows the coverage factor of G3 cells (solid line, right Y-axis). This was calculated by multiplying the average density and the average area at 2-mm intervals across the retina. Coverage factor was approximately constant across the retina, but was lowest near the visual streak (Ϸ1.1) compared to Ϸ1.5 in the superior periphery.
Dorsally directed amacrine cells and G3 ganglion cells contain GABA
Some pieces of retina containing Neurobiotin-coupled G3 ganglion cells were incubated in antisera to GABA. Figure 6A shows two coupled G3 somas containing both Neurobiotin (magenta) and GABA-immunoreactivity (green). Similarly, in Figure 6B all of the coupled amacrine cells are also immunopositive for GABA. This is consistent with most of the coupled ganglion cells in the molecular phenotyping catalog of Marc and Jones (2002). GABA found in the G3 ganglion cell most likely enters via the gap junctions with the dorsally directed amacrine cells.
Calbindin immunolabeling
The dendrites of the G3 ganglion cell ramify initially just distal to the most proximal portion of the IPL, where rod bipolar cell endfeet are located. In the rabbit, a bipolar cell subtype immunopositive for calbindin also ramifies at this level (Massey and Mills, 1996) , so we examined Neurobiotininjected G3 ganglion cells for possible contacts with calbindin-positive bipolar cells. Figure 7A shows that the processes of the calbindin-positive bipolar cells costratify with those of the proximal portion of the G3 ganglion cell. Despite the relative paucity of dendritic specializations of the G3 ganglion cell in sublamina b, close appositions of axon terminals of the calbindin-positive bipolar cells to processes of the G3 ganglion cell typically revealed spines or other specializations emanating from the G3 ganglion cell that appear to contact the calbindin-positive bipolar cell (Fig. 7B) . These sorts of specializations are typically signs of synaptic contact. We therefore performed additional immunolabeling with antibodies to PSD-95 (Fig. 7C) , which labels a postsynaptic density that contain NMDA receptors, and to RIBEYE (Fig. 7D) , which labels proteins associated with ribbon synapses. Each of these synaptic markers is localized at this putative synapse, supporting the hypothesis that the rudimentary ON layer processes of the G3 ganglion cell receive excitatory glutamatergic input from this bipolar cell type.
Connexin36 immunoreactivity
Intracellular injection of Neurobiotin into G3 ganglion cells reliably demonstrated tracer coupling, indicating the existence of gap junctions between G3 ganglion cells and dorsally directed amacrine cells. The dendrites of the two cells types frequently intersect in the narrow region of sublamina a where they costratify (Fig. 8A,B) . Double-labeling with an antibody to Cx36 (Fig. 8C) revealed Cx36 puncta at the intersections of dorsally directed amacrine cell and G3 ganglion cell processes, marking the site of the gap junctional plaques connecting these cells (arrowheads). The puncta marked by the arrowhead on the far left of Figure 8C could not be verified as distinctly contacting both processes and may instead indicate a plaque connecting one of these processes with an un- two types of process can easily be distinguished by size, staining intensity, branching, and orientation, as well as being traceable to the soma from which they emanate. Direct contacts, i.e., Cx36 puncta, were not observed between pairs of G3 ganglion cells or pairs of dorsally directed amacrine cells. Gap junctions that might occur directly between G3 ganglion cells might be missed due to the lack of staining of processes in the coupled G3 ganglion cells. Over most of the retina the parallel orientation of the amacrine cell processes provides relatively little opportunity for contact between them. In Figure  8A , taken from a G3 ganglion cell injected at about 12°inferior to the visual streak, the lateral spread of dorsally directed amacrine cell dendrites allowed substantial opportunity for overlap with one another. We did not observe Cx36 puncta at amacrine cell-amacrine cell crossings, suggesting that Cx36 is contained on the ganglion cell side of the gap junctional channels and that a different connexin type is used by the amacrine cells.
We calculated whether the colocalization of Cx36 puncta on the Neurobiotin-stained dendrites and G3 ganglion cells and their coupled amacrine cell and also the relative frequency of Cx36 puncta at intersections of the Neurobiotin-stained processes exceeded chance. Note that Cx36 appears on many cell types and is abundant in the IPL (Feigenspan et al., 2001 ; Mills et al., 2001), so that many Cx36 puncta would be expected that are not colocalized to these cell types. It is also quite likely that some Cx36 puncta appear that may be at intersections of unstained G3 ganglion cell and dorsally directed amacrine cell dendrites.
The average chance colocalization in five confocal micrographs was determined by shifting the Cx36 image relative to the images containing the stained dendrites (see Materials and Methods). Colocalizations occurred an average of 4.1؋ more often when the images were in the original registration than when the images were shifted (paired t-test ‫؍‬ 4.558, df ‫؍‬ 4, P ‫؍‬ 0.01). When ganglion-amacrine cell intersections were examined in isolation, 80% (40/50) were found to contain Cx36 puncta. When the Cx36-immunolabeled portion of the image was rotated 90°, 180°, or 270°with respect to the dendrites, the average percentage of dendritic crossings containing Cx36-puncta dropped to 13%.
Tyrosine hydroxylase immunoreactivity
We incubated five retinas containing Neurobiotin-injected cells in antibodies to TOH, which labels dopaminergic amacrine cells, and ChAT, which labels starburst amacrine cells. These antibodies provide good fiducial markers for retinal depth and also provide the opportunity to examine the G3 ganglion/dorsally directed amacrine cell circuit for input from these amacrine cells. Dopaminergic amacrine cell processes were very dense in the IPL; these processes primarily ramified in stratum 1, but also in strata 3 and 5 (Fig. 9A, blue) , as is characteristic of many other mammalian retina (Haverkamp and Wä ssle, 2000; Oh et al., 2004; Witkovsky, 2004) . The processes of the dorsally directed amacrine cell (magenta) were located between the ChAT a band (green) and the most dense and distally ramifying processes of the dopaminergic amacrine cells. We examined putative contacts between dorsally directed amacrine cell and dopaminergic amacrine cell in more detail. Figure 9B shows a TOH-immunopositive processes (green) wrapped around the processes (magenta) of a G3 ganglion cell (Fig. 9B) in sublamina b. In addition, there were also apparent contact points at the dendrites of dorsally directed amacrine cells. Figure 9C shows a TOH؉ process (green) in sublamina a wrapping around the dendrite of a dorsally directed amacrine cell (magenta); when this image is rotated 90°in Figure 9D , the dorsally directed amacrine cell process appears to invaginate the complex surface of the TOH process.
TOH-immunopositive processes often appeared to contact the somas of dorsally directed amacrine cells (Fig. 10A) . Puncta corresponding to immunoreactivity for an antibody against the D 1 -receptor appeared at these sites (arrows). D 1 -receptor immunostaining has previously been demonstrated in amacrine cells of rat and goldfish retina (Veruki and Coupling was quantified first by measuring the fluorescent intensity of the eight most well-coupled dorsally directed amacrine cells and of the injected G3 ganglion cell. To calibrate intensities we used a lookup table relating confocal brightness to somatic Neurobiotin concentrations, using specific confocal settings that we have previously calibrated with Neurobiotin-injected HeLa cells for modeling tracer movement (Mills and Massey, 1998; Xia and Mills, 2003) . For each G3 ganglion cell injection, the average of the ratios of these eight cells to the injected cell was used as a measure of coupling.
Using this measure, D 1 agonist SKF38393 (50 M) decreased the overall rate of coupling compared to D 1 antagonist SCH23390 (25 M) (Fig. 10B) . The ratio of amacrine cell staining to ganglion cell staining was higher in the SCH23390 group, indicating greater transfer of tracer from the ganglion cell to the coupled amacrine cells. There was in fact no overlap between the two groups (mean ؎ SE: SKF ‫؍‬ 0.0287 ؎ 0.0073; SCH ‫؍‬ 0.1471 ؎ 0.0303), illustrating that dopamine significantly decreases diffusion from G3 ganglion cells into dorsally directed amacrine cells by activating a D 1 receptor (t ‫؍‬ 3.794, P < 0.01, df ‫؍‬ 14). D 2 analogs were ineffective in modulating coupling (not shown).
We also use measured coupling by counting the number of amacrine cell somas stained by each G3 ganglion cell injection (Fig. 10C) . The agonist SKF38393 resulted in patches with fewer stained dorsally directed amacrine cells than the antagonist SCH23390 (t ‫؍‬ 2.416, P > 0.05, df ‫؍‬ 42).
DISCUSSION
This article identifies key elements of a novel retinal circuit and provides a systematic morphological characterization of both the G3 ganglion cell and the dorsally directed amacrine cell. This establishes a link between the two cell types as components of a retinal circuit and identifies two more components of that circuit.
Sublamina b stratification of the G3 ganglion cell
The initial stratification of the G3 ganglion cell in sublamina b is lightly branched and contains few apparent specializations. Rodieck and Watanabe (1993) described this basic pattern as "partly bistratified." This pattern varied sufficiently that some G3 ganglion cells, if judged outside of the context of the population as a whole, might be considered not to ramify per se in sublamina b, but only branch while passing through. Evidence that the b portion of the G3 ganglion cell dendritic tree is a target for excitatory inputs was indicated by the consistent finding of apparent contacts of the infrequent spines with a calbindin-positive bipolar cell. We also found colocalization at these sites of both pre-and postsynaptic markers RIBEYE and PSD-95. The presence of these markers together with calbindin-positive bipolar cell terminals at the rare G3 ganglion cell spines strongly suggests the presence of functional glutamatergic synapses. cell intersections demonstrates another retinal site that uses Cx36.
Gap junctional channels between
While we cannot be sure whether gap junctions occur directly between pairs of G3 ganglion cells, we can make inferences about the relative impedance of the pathways based on the distribution of tracer (Xia and Mills, 1994; Mills and Massey, 1998). 1) We conclude that the ganglion cell-to-amacrine cell gap junctional pathway has a much lower impedance than a possible direct pathway between ganglion cells. This is because coupled amacrine cells appear more reliably and at shorter diffusion times than coupled ganglion cells. It is never the case that coupled ganglion cells appear in the absence of extensive amacrine cell coupling. This does not, however, reject the possibility of a high-impedance direct pathway between ganglion cells which might subserve, e.g., correlated firing. 2) Direct coupling between amacrine cells is also weak. The evidence for this interpretation is: a) if coupling between amacrine cells were strong, tracer would preferentially move to other amacrine cells and ganglion cell coupling would not appear (assuming from (1) that direct ganglion cell-ganglion cell coupling is weak); b) amacrine cells not directly connected to the ganglion cell would be labeled if amacrine cells readily pooled their tracer with one another; and 3) little amacrine cell coupling was seen after direct injections into dorsally directed amacrine cells.
This scenario suggests that tracer moves from ganglion cell to amacrine cell because it is the lowest impedance (and possibly only) pathway from the cell. It does not move from the directly injected amacrine cell to ganglion cells because the sink of the numerous amacrine cells is of lower impedance than that to the ganglion cells. GABA can move from the amacrine cell to the ganglion cells, however, because: 1) the concentration gradient strongly favors it, being 0 between the amacrine cells, and 2) the amount of time permitted for GABA to diffuse between coupled cells is limited only by the processes that govern GABA-removal from the ganglion cell.
Using an antibody to TOH, which labels the dopaminergic amacrine cell, we found that dendrites from the TOH؉ cell made apparent contacts with G3 ganglion cell dendrites, and with both soma and processes of dorsally directed amacrine cells. This suggests that dopamine might modulate the gap junctions, as it is known to do between AII amacrine cells (Hampson et al., 1992; Mills and Massey, 1995) . The relative staining intensity of dorsally directed amacrine cell somas was significantly higher in the presence of dopamine D 1 receptor antagonist than a D 1 agonist, while D 2 analogs were ineffective.
were all directed to a single side of the soma and in a dorsal direction. This may suggest that this is a general morphological type and not a specialization of the rabbit retina, although we can find no other clear homologs in the published records of retinal amacrine cells of other species.
Function of the G3 ganglion cell
Considering the types of rabbit ganglion cell that have been both stained and physiologically characterized, the G3 ganglion cell most closely resembles a ganglion cell with an orientation bias for bars orthogonal to the visual streak (Amthor, 1989) . The close association of these cells with dorsally directed amacrine cells, unknown prior to this report, clearly suggests that the orientation bias may arise from the unique morphology of dorsally directed amacrine cells. A bias could arise from either inhibitory input from the amacrine cells or from excitatory input via the gap junctions. If the dorsally directed amacrine cell were responsible for orientation bias via GABAergic inhibition along its dorsal-ventral axis, a horizontal bias would be predicted. This suggests the possibility that the dorsally directed amacrine cells convey their bias using excitation via the gap junctions.
Another effect of the gap junctions could be to synchronize the local population of ganglion and amacrine cells along a vertical orientation, as shared excitatory postsynaptic potentials could pass between ganglion cells aligned vertically, but not horizontally. Note that this is an exception to the pattern of well-coupled interneurons providing a synchronizing feedback onto the principal neuron (Galaretta and Hestrin, 2001; Connors and Long, 2004) , in that there is little coupling between the amacrine cells themselves. Finally, it should also be noted that rabbit ganglion cells exist with a horizontal orientation bias (e.g., Levick, 1967) . These cannot be a subpopulation of the G3 ganglion cell, and no similar amacrine cell type with a nasal-temporal axis has yet been reported. Ganglion cells displaying an orientation bias are found in many species. Knowledge of the elements of one such circuit will be useful in understanding how such circuits are formed. Targeting of coupled cells in vital tissue following PP1-injection into a single cell (Hoshi et al., 2007 ; this study) should facilitate such physiological characterization of these elements, both singly and in pairs.
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